Background: As an end-proteolytic enzyme that cleaves the last three residues of proteins with a terminal CAAX, Ras-converting enzyme 1 (RCE1) has an essential role in multiple signaling pathways and take part in the process of differentiation, proliferation and carcinogenesis. The aim of the study is to investigate expression pattern of RCE1 and its prognosis in colorectal carcinoma (CRC). Methods: The expression of RCE1 and phospho-MAPK family members was confirmed by immunohistochemical staining of CRC tissues. miR-RCE1 lentiviral vectors were transduced into HCT116 and SW489 cells. Reverse transcription PCR (RT-PCR) and western blot were conducted to measure the transfection efficiency. Transwell assays were used to detect the invasiveness of CRC cells.
Background
Colorectal cancer (CRC) is one of the most common malignancies worldwide [1] . Despite great advances in medical management, the prognosis of patients suffered advanced disease remain poor [2, 3] . It was previously reported that the 5-year survival rate for patients with advanced stage CRC was less than 11% [4] . Thus, identifying new prognostic biomarkers would help both to estimate risk and to develop treatment plans.
As an integral membrane protease of the endoplasmic reticulum, Ras-converting enzyme 1 (RCE1) is classified as a member of the metalloproteinase family [5] . The main function of RCE1 is to process the CAAX motifs on the C-termini of some CAAX proteins, such as the Ras superfamily of small GTPases, the the γ-subunit of heterotrimeric GTPases, nuclear lamins, several protein kinases and phosphatases [6, 7] . These proteins are involved in mulltiple processes, including differentiation and proliferation. Acculumulating evidence suggests that RCE1 plays an important role in cancer development [8] . Moreover, it has been reported that RCE1 was required for membrane localization and activation of Ras [9, 10] . It is well known that Ras mutations and abnormal activation contribute to the development of several types of cancer, including CRC [11] . RCE1 might participate in Ras activation; However, the role of RCE1 genes in colorectal carcinoma has not been explored. Thus, we detected RCE1 expression and evaluated its prognostic significance in 244 CRC samples. Furthermore, we also investigated the molecular mechanisms in which RCE1 might be involved.
Methods

Patients and specimens
We collected tissues from 244 patients afflicted with colorectal carcinoma who were treated at the Affiliated Tumor Hospital of Guangzhou Medical University (Guangzhou, China) from january 2009 to December 2011. This study was approved by the Institutional Review Board and Human Ethics Committee at Affiliated Tumor Hospital of Guangzhou Medical University, Consent to use paraffin embeded colorectal tissue specimens for the intended research was obtained from all patients or their families. All of the patients had undergone curative resection, and the final pathological diagnosis was adenocarcinoma. In addition, those patients were followed up after surgery untill 10 November 2016. A total of 244 colorectal carcinoma samples, including matched adjacent non-tumorous disease, were used for immunohistochemistry (IHC) analysis. The detailed clinicopathological parameters are listed in Table 1 . Overall survival (OS) defined as the time of surgery to the date of death or the latest follow-up. Disease-free survival (DFS) was defined as the time from the surgery to the date of local failure/distant metastasisi or the date of death or latest follow-up. The local failure-free survival (LFFS) and metastasis-free survival (MFS) were defined as the date of local failure or distant metastasis, respectively, or the date of death or when censored at the latest follow-up.
Immunohistochemical analysis
The colorectal carcinoma specimens fixed by formalin and embedded by paraffin were sliced into 4-μm sections. After incubated at 60°C for 2 h, the specimens were deparaffinized in xylene and then rehydrated with graded alcohols. To block endogenous peroxidase, We treated the tissue slides with 3% hydrogen peroxide in methanol for 15 min. And antigen retrieved was performed in sodium citrate buffer (pH 6.0) using a microwave oven. Before incubated with primary antibodies overnight at 4°C, 1 h of preincubation in goat serum was performed to block non-specific staining. The primary antibodies used for the IHC assays were as follows: rabbit antibody against RCE1 (Santa Cruz Biotechnology, Dallas, TX, USA) and rabbit antibodies against p-p38, p-ERK1/2 and p-JNK (Cell Signaling Technology, Danvers, USA). According to the manufacturer's instructions (DAKO, Glostrup, Denmark), The tissue slides were treated with a non-biotin horseradish peroxidase detection system. Two different pathologists who were specialized in colorectal cancer and blinded to the tissue type and clinical data evaluated the RCE1 IHC results. The intensity and extent of staining were taken into consideration. The staining intensities was rated from 0 to 3, and the staining extent was rated from 0% to 100%. The final score of each staining was obtained by multiplying the two scores [12, 13] . RCE1 expression was classified as positive if the score was higher than 1.5; if the score was 1.5 or lower, the case was classified as negative expression. p-p38, p-JNK and p-ERK1/2 were considered to be positively if the scores was higher than 0.5.
Cell culture and Lentiviral infection
The colorectal cancer cell lines SW480(ATCC Cat. Number:CCL-247™) and HCT116(ATCC Cat. Number:CCL-1642™) were purchased from the American Type Culture Colletion (ATCC, Manassas, USA). SW480 and HCT116 were cultured in RPMI 1640 (Thermo Scientific, Waltham, MA) at 37°C in a humidified atmosphere that contained 5% CO 2 . Media was supplemented with 10% fetal bovine serum, 50 mg/mL streptomycin, and 50 U/mL penicillin. The lentivirus targeting RCE1 was obtained from GenePharma (Shanghai, China), and the lentiviral infection was performed following the manufacturer's protocol.
Real-time PCR (RT-PCR)
RT-PCR was performed as previously described [14] . Briefly, total RNA was treated with DNase I (TaKaRa), and 2-μg aliquots were used for cDNA synthesis using random hexamers with Superscript III (Invitrogen). PCR amplification was performed by using the cDNA templates. The RCE1 primers were as follows: forward primer, 5′-CAGCTCTCTATGGATTGCCCT-3′; reverse primer, 5′-CGGGGCGATCACTTGGTTC-3′.
Western blot
To prepare the cell lysates, 2-3 × 10 6 cells were washed with ice-cold PBS and lysed using 1% Triton-X100 in PBS-T (0.1% Tween20 in PBS) in the presence of a 1× protease inhibitor. After incubation on ice for 10 to 15 min, whole cell lysates were centrifuged at 13,000 RPM at 4°C for 20 min. The Pierce BCA Protein Assay Kit (Thermo scientific) was used for detect the concentration of total protein. Equal amounts of protein (20-25 μg) from each sample were mixed with loading buffer and then heated at 95°C for 5 min. The samples were separated by electrophoresis on a 10% SDSpolyacrylamide gel at 100 V for 1 h, and they were then electrotransferred onto Hybond ECL nitrocellulose membrane (GE Healthcare) at 40 V for 1.5 hours. In order to prevent non-specific staining, the membranes were blocked with 5% skimmed milk in TBS-T (blocking buffer) for 1 hour, then the blocked membrane were incubated with primary antibodies overnight at 4°C. The primary antibodies used for the western blot were as follows: rabbit antibody against RCE1 (Santa Cruz Biotechnology, Dallas, TX, USA), and rabbit antibodies against p-p38, p-38, p-JNK, p-ERK1/2 and β-actin (C Cell Signaling Technology, Danvers, USA). Afterward, the membranes were washed with TBS-T for 10 min three times and then incubated with a secondary antibody (Cell Signaling Technology, Danvers, USA) for 1 hour at room temperature. Finally, the membranes were exposed to Hyperfilm ECL (GE Healthcare) for signal detection.
Transwell invasion assay
The transwell invasion assay was performed in Transwell chamber (BD Bioscience, San Jose, CA) according to the manufacturer's protocol. Approximately 2 × 10 4 cells were seeded into the top chamber of each insert and incubated at 37°C for 48 h. Cell that invaded through the Matrigel were stained and quantified with crystal violet (Sigma-Aldrich, USA).
Statistics
All of the data were analyzed by SPSS statistical software (version 21.0; SPSS, IBM, Armonk, NY, USA). Survival curves were plotted using the Kaplan-Meier method and analyzed by the log-rank test. The Pearson correlation test (2-tailed) was used to calculate the correlation coefficient (r) and P value between the RCE1 and p-p38, p-JNK, and p-ERK1/2 staining scores. Student's t-test 
Results
RCE1 expression in CRC tumor and adjacent non-tumorous tissue samples
The expression patterns of RCE1 in 244 CRC tumors and matched adjacent non-tumorous tissues were examined by IHC staining. We found that different expression patterns were exhibited in the tumor and matched non-tumorous tissues. RCE1 presented a predominantly cytoplasmic pattern of immunoreactivity in the tissues (Fig. 1a -c) . Our results suggested that RCE1 expression was reduced in CRC tumor tissues compared with adjacent non-tumorous tissues. Furthermore, The IHC score of RCE1 was higher in the non-tumorous tissues than that in the tumor tissues (p < 0.01; Fig. 1d ). Moreover, RCE1 expression was high in 188 (77.0%) of the adjacent non-tumorous tissues but only in 138 (56.6%) of the tumor tissue samples (Fig. 1e) . This result indicates that RCE1 expression levels were significantly decreased in the CRC tumor tissues.
Reduction of RCE1 expression in CRC tissues predicted a poor prognosis Next, we estimated the prognostic value of RCE1 expression. We found that the overall survival (OS) of patients with low RCE1 expression was significantly shorter than that of patients with high RCE1 expression (66.7% vs 90.0%, p < 0.001, Fig. 2a) . Similarly, the disease-free survival rates (DFS) in the patients who exhibited low RCE1 expression were significantly shorter than in the patients who exhibited high RCE1 expression (62.0% vs 85.3%, p = 0.001, Fig. 2b ). Our study also indicated that there was a significant difference in the local failure-free survival rate (LFFS) and distant metastasis-free survival rate (DMFS) between patients with high RCE1 expression and patients with low RCE1 expression. The patients with low RCE1 expression had a higher risk of local treatment failure and distant metastasis (p < 0.05, Fig. 2c and d) . Furthermore, univariate and multivariate Cox regression analyses were applied to verify the prognostic value of Fig. 1 IHC analysis of RCE1 expression in CRC tumor and adjacent non-tumorous tissue samples. a-c Representative images showed strong RCE1 staining in non-tumorous tissue and tumor tissue and low RCE1 staining in tumor tissue. The right panels are magnified pictures (×5) of the boxed area in the left panels. Scale bars, 50 μm. d RCE1 expression levels were significantly higher in adjacent non-tumorous tissues (NT) compared with the CRC tissues (p < 0.01). e The positive rate of RCE1 in adjacent non-tumorous tissues was higher than that in matched CRC tissues (p < 0.01) RCE1 expression. First, the RCE1 expression status and some common clinicopathological parameters were subjected to a univariate Cox regression model to determine their prognostic value. The data suggested that RCE1 expression, depth of tumor invasion, histological grade and node stage had prognostic value (Additional file 1: Table S1 ). These factors were then entered into a multivariate model to identify independent predictors. We found that RCE1 expression level, histological grade, depth of invasion and node stage were all independent factors of OS, and that the RCE1 expression levels, histological grade and node stage were independent prognostic factors of DFS (Table 2) . Interestingly, the results were contrary to our initial expectations. The literature states that RCE1 expression is required for Ras activation. By considering the well-known carcinogenic and tumorpromoting effect of Ras activation, we initially hypothesized that RCE1 might promote CRC development by participating in Ras activation. Nevertheless, the present study conflicts with this hypothesis. Thus, we concluded that RCE1 affected CRC development but was not involved in the activation of Ras.
Because the colon and rectum have different embryonic origins, colon cancer and rectal cancer always present different distinctive features [5, 15] . We further explored the prognostic significance of RCE1 in colon cancer and Fig. 2 Kaplan-Meier survival estimates and log-rank tests indicated that patients with low RCE1 expression exhibited a significantly poorer prognosis. Overall survival (a), disease-free survival (b), local failure-free survival (c) and distant metastasis-free survival (d) curves, which were generated based on the RCE1 expression status in 244 CRC samples Fig. 3a and b ) and rectal cancer ( Fig. 3c and d) , the RCE1 expression level had a more significant prognostic value in rectal cancer.
Correlation of RCE1 expression with clinicopathological parameters
To understand the clinicopathological significance and potential gene function of RCE1 in CRC, we tested the correlation of the RCE1 expression status with several standard clinicopathological parameters. Our results indicated that the expression level of RCE1 was negatively correlated with the plasma levels of CEA, depth of tumor invasion, node stage and TNM stage (p < 0.05, Table 1 ). No significant correlation was observed between RCE1 expression and other clinicopathological parameters such as gender, age, CA19-9 expression, location and histological grade (p > 0.05, Table 1 ). High RCE1 expression levels correlated with a shallow tumor invasion depth and low node stage. Thus, RCE1 might have a role in inhibiting tumor invasion.
Knockdown of RCE1 expression decreased p38 phosphorylation and increased the invasion capacity of CRC cells
Because existing evidence suggested that down-regulation of RCE1 expression might correlate with a reduced invasion capacity of CRC cells, we sought to verify this hypothesis. We used a shRNA lentivirus targeting RCE1 to infect and knock down RCE1 expression in HCT116 and SW480 cells (Fig. 4a and b) . We then detected the invasion capacity of these cells using a transwell assay. We found that transduction of the lentivirus targeting RCE1 significantly decreased the invasiveness of HCT116 and SW480 cells (Fig. 4c and d) .
Although the effect of RCE1 in CRC development might be independent of the Ras signaling pathway, we did detect the activation of members of the MAPK family, which are principally downstream of Ras signaling [16, 17] , after interfering with RCE1 expression in CRC cells. We detected the phosphorylation levels of ERK1/2, JNK and p38 in RCE1-knockdown CRC cells. Our results suggested that decreased RCE1 expression reduced only p38 phosphorylation but did not affect the phosphorylation levels of either JNK or ERK1/2 (Fig. 4b) . In addition, this relationship was further confirmed by IHC Fig. 3 Prognostic significance assessed in rectal carcinoma and colon carcinoma by Kaplan-Meier survival estimates and log-rank tests, respectively. Comparison of the overall survival (OS) and disease-free survival (DFS) in rectal carcinoma (a and b) and colon carcinoma (c and d), respectively assays in serial sections of CRC tissues ( Fig. 4e and f ; Additional file 2: Figure S2 and Additional file 3: Table S2 ). In the serial sections, the RCE1 expression levels were positively correlated with the p38 phosphorylation levels ( Fig. 4e and f ) but were not correlated with the phosphorylation levels of ERK1/2 or JNK (Additional file 2: Figure S2 ). We also estimated the prognostic value of p-p38, p-ERK1/2 and p-JNK. We found that only the p38 phosphorylation levels were a prognosis predictor. In our study, patients with high levels of p38 phosphorylation had a better prognosis than patients with low levels of p38 phosphorylation with regard to both OS and DFS (Additional file 4: Figure 1a and b).
Discussion
The prognosis of patients with advanced CRC who receive conventional treatment strategies remains poor.
Moreover, because the traditional TNM classification system is based on the location and size of the tumor rather than on an individual basis. It is difficult to individually define a patient's outcome. Therefore, identifying molecular prognostic predictors to determine the risks and prognoses of patients with CRC is important for guiding treatment.
Increasing evidence suggests that RCE1 is required for Ras activation [9, 10] . Abnormal activation of Ras is important in CRC development, and there have been many drugs that either have targeted the Ras signaling pathway or were affected by Ras activation [11, 18] . In the present study, we wanted to determine whether RCE1 expression could be a predictor of the prognosis of CRC patients to either guide treatment or serve as a potential target. However, the results were unexpected. Although the literature has reported that RCE1 is important for the activation of the Ras oncogene [10] , our results suggested that RCE1 had an anti-tumor role in CRC. We found that the RCE1 expression levels were negatively correlated with the prognosis of CRC patients. Moreover, knockdown of RCE1 decreased the invasion capacity of CRC cells. Although it does not offer direct evidence, our finding indirectly proves that RCE1 exerted a tumor suppressor function that was independent of the Ras oncogene. Further investigation suggested that a decrease in RCE1 expression correlated with the low invasive capacity of CRC cells. RCE1 expression might affect prognosis by affecting CRC invasion. We also investigated the molecular mechanisms that were influenced by RCE1. Although RCE1 might be not correlated with Ras, we still detected the activation of Ras downstream molecules, namely, MAPK family proteins. This family is well characterized as downstream effectors of Ras. The MAPK signaling pathway has an important role in colorectal cancer development and influences apoptosis, adhesion, angiogenesis, invasion and metastasis [19] . There are three major members of the MAPK family: p38 MAP kinase (p38), the c-Jun N-terminal or stress-activated protein kinases (JNK or SAPK) and the extracellular-signal-regulated kinases (ERK) [20] . Our results showed that the expression of RCE1 was positively correlated with the phosphorylation levels of p38, but it was not correlated with the phosphorylation levels of ERK1/2 and JNK. p38 is a principle member of the MAPK family. It had been reported that p38 activation reduced the invasive ability of colon cancer cells [21] . Our data support this conclusion. IHC assays indicated that patients with low levels of phosphorylated p38 had a poorer prognosis and an increased risk of recurrence. Furthermore, we interfered with RCE1 expression in two CRC cell lines and detected a reduced invasive ability of the cells accompanied by decreased levels of phosphorylated p38. There have been some studies that reported the tumor suppressive effect of phosphorylated p38 [22, 23] . Combined with the literature, our results indirectly illustrated that a decrease in RCE1 expression might reduce the invasion capacity of CRC cells due to lower levels of phosphorylated p38.
Conclusions
In conclusion, Our data demonstrated that RCE1 suppressed the invasive ability of CRC cells and that its expression was negatively correlated with the prognosis of CRC patients. Moreover, this correlation was more significant in rectal cancer. Furthermore, our study also indirectly indicated that RCE1 might exert a tumor suppressing function as a result of increasing levels of phosphorylated p38. Despite the lack of direct evidence, our study also provided clues about the function of the RCE1-p38 signaling pathway in colorectal cancer.
